We have produced isotopically enriched ZnO nanorods using Zn-enriched ZnO source powder by vapour phase transport on silicon substrates buffer-coated with unenriched ZnO seed layers. SEM and XRD data confirm successful growth of high quality, dense, c-axis aligned nanorods over a substantial surface area. Raman data show a shift of >1 cm -1 in the peak position of the Raman scattered peaks due to the E 2 low and E 2 high phonon modes when the Zn isotope is changed from 64 Zn to 68 Zn, consistent with previous work, thus confirming successful isotopic enrichment. SIMS data provides additional confirmation of enrichment.
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INTRODUCTION
Nanostructures of ZnO have received much interest in the research literature over the past decade and have been produced in many morphologies including thin films [1] , nanorods, nanowires [2] [3] [4] [5] , nanowalls [6] , nanodisks [7] , nanohelixes, nanosprings, nanorings, nanobelts [8] and nanobowls. [9] One area of particular interest has being the production of ZnO nanorods for use in optical applications and studies. These have been produced using a number of growth methods including chemical bath deposition (CBD), vapour phase transport, chemical vapour deposition (CVD) and hydrothermal deposition. [2, 3, 5, [10] [11] [12] [13] Furthermore, isotopic enrichment is a very useful technique in the study of crystal structure and impurities in semiconductor materials such as ZnO, and comparable materials including Si, GaN and GaP, particularly using optical methods. [14] [15] [16] [17] [18] [19] Reports using isotopically enriched ZnO samples have included studies of bandgap energies, phonon positions and linewidths and heat capacity, but in all cases using bulk single crystal samples with quite poor optical quality. [20] [21] [22] [23] In this work, we report a relatively fast, easy and reliable method of producing Zn-isotopically enriched ZnO nanorods of very high structural quality, as well as excellent optical quality as determined by low temperature photoluminescence (PL) studies, requiring small quantities of source materials. 64 Zn, 66 Zn and 68 Zn, as well as samples with engineered isotopic abundances.
MATERIALS AND METHODS
The growth method used is a three step process involving the deposition of a buffer layer of ZnO nanorods using drop coating and chemical bath deposition (CBD), followed by the main growth of the nanorods using carbothermal reduction vapour phase transport (VPT).
CBD, VPT and carbothermal reduction VPT are common methods used to grow ZnO nanorods. [2, 5, 10, 11, 24] The growth method used here was developed in our group and was based upon other work both in our group and reports in the literature. [2, 3, 25] It is further modified in this work. The growth method yields material with excellent optical quality (in terms of both emission intensity and spectral linewidths), which allow high resolution PL investigations to be carried out. The growth method is also quick and relatively easy to carry out.
The ZnO nanorods were grown on silicon (100) substrates typically 1-4 cm 2 in size.
The silicon was cleaned by sonication in acetone followed by ethanol and dried in a nitrogen to calibrate the spectra recorded to correct for minor irreproducibility from scan to scan. In addition, the spectra have been corrected for the refractive index of air.
RESULTS AND DISCUSSION
3.1. Scanning electron microscopy In this case the nanorods are much longer than usual. They have lost their c-axis alignment 8 and have become entangled. Slight variations from the morphology seen here occur from time to time as the growth process is sensitive to a number of parameters including temperature, distance of the sample from the powder, the source powder mixing and particulate size, although in general the batch-to-batch reliability of the growth process is very good.
3.2. X-ray diffraction The SEM and XRD data have illustrated that the growth of isotopically enriched ZnO nanorods utilising this three-step process is very successful in terms of sample crystallinity and morphology. This has been achieved by simply substituting the normal, natural isotope content ZnO source powder used in VPT with isotopically enriched powder and implementing the practical step of reducing the amount of powder used. This easy, reliable and inexpensive method has produced well-aligned nanorods of a very high quality with dense coverage over a wide substrate area. This makes them ideal for use in further optical studies such as Raman and PL.
3.3. SIMS small peaks are observed at 66 and 68 amu. These small peaks are attributed to some ions of these isotopes arising from the CBD buffer layer, which is not isotopically enriched, and to other ions from any surface contaminants at these masses. The samples were tilted during SIMS measurements, as described above, in order to reduce effects from the underlying substrate, but even with this precaution the VPT nanorod coverage is not complete and a small fraction of the buffer layer is exposed to the ion beam. Despite this, it is clear from the SIMS data that the nanorod samples have been successfully isotopically enriched to a very high level using this growth method. Data obtained the miniSIMS system as a further independent check were consistent with this result. However, the significant broadening of the FWHM for the E 2 high mode is not isotopic in nature. The changing FWHM for different Zn masses results from a change in the overlap of the two-phonon density of states due to changes in phonon frequency. Ab initio calculations performed by Serrano et al. [22] show that the E 2 high phonon mode is near a sharp 'ridge' in the two-phonon density of states, the interaction with which results in the variation elsewhere and demonstrates the ability to grow isotopically enriched ZnO materials with excellent optical quality using the straightforward carbothermal reduction VPT method, with mg quantities of source material. [36] Note that the PL emission is associated with the VPTgrown nanorods and there is not a significant emission from the underlying buffer layer. [37] Figure 5(c) shows the green band emission region for 66 ZnO. This was recorded using a portion of the 66 ZnO sample which was annealed for ten minutes at 900 °C to increase the ZPL and green band intensity. [36, 38] The Cu-related ZPL at 2.86 eV is present and its associated structured green band is the dominant feature. Indeed, the structured green band is the primary feature of the PL spectrum in addition to the UV band edge emission. The LOphonon replicas of the ZPL are clearly seen in the structured green band at intervals of ~72 meV below the ZPL energy. Some weak lines from the Hg lamp used to calibrate the spectra are also observed. Figure 6 shows representative band edge spectra from selected samples. The dominant feature in the band edge spectra is the I 9 line attributed to indium [39] donor bound impurities. The I 6 line attributed to aluminium impurities is also clearly observed. [40, 41] The I 2 line attributed to ionised indium impurities [42] and the surface exciton [43] (SX) emission are also visible and labelled in the figure.
The position of the I 9 indium bound exciton recombination in unenriched material at XRD confirmed the presence of ZnO and the excellent nanorod alignment and crystal quality.
SIMS data confirm the successful isotopic enrichment. Raman data show a shift of >1 cm -1 in the peak position of the Raman scattered peaks due to the E 2 low and E 2 high phonon modes when the Zn isotope is changed from 64 Zn to 68 Zn, consistent with previous work on samples with different isotopic enrichments, again confirming successful isotopic substitution.
Low temperature PL measurements revealed the excellent optical quality of the samples with an increase in the I 9 position of ~0.6 meV with Zn isotopic content changes from 64 ZnO to 68 ZnO and narrow line widths of <1 meV. This is consistent with previous results reported for single crystals, further confirming successful isotopic substitution of these high structural and optical quality nanorods using this simple and reliable growth method.
